
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2009/0097796 A1 

Andersson et al. 

US 20090097796A1 

(54) 

(76) 

(21) 
(22) 

(63) 

FIBER-OPTC CURRENT SENSOR WITH 
SUM DETECTION 

Inventors: Lars Andersson, Kirchdorf (CH); 
Hubert Braendle, Oberengstringen 
(CH): Klaus Bohnert, Oberrohrdorf 
(CH) 

Correspondence Address: 
ST, ONGE STEWARD JOHNSTON & REENS, 
LLC 
986 BEDFORD STREET 
STAMFORD, CT 06905-5619 (US) 
Appl. No.: 12/245,073 
Filed: Oct. 3, 2008 

Related U.S. Application Data 

Continuation of application No. PCT/CH2006/ 
000194, filed on Apr. 4, 2006. 

(43) Pub. Date: Apr. 16, 2009 

Publication Classification 

(51) Int. Cl. 
GO2B 6/00 (2006.01) 

(52) U.S. Cl. .......................................................... 385/12 

(57) ABSTRACT 

To measure a Sum of electrical currents in different conduc 
tors, light is led in an optical sensing fiber around all the 
conductors. The sensing fiber can be wound around the con 
ductors in a single loop or in several individual loops. Inter 
spersed polarization maintaining fibers and retarders can be 
used to transfer the light between individual loops for pre 
venting undesired signals from Stray magnetic fields. The 
method has high accuracy is particularly Suited for measuring 
large currents that sum up to Zero. 

  



Patent Application Publication Apr. 16, 2009 Sheet 1 of 2 US 2009/0097796 A1 

Fig. 2 
  



Patent Application Publication Apr. 16, 2009 Sheet 2 of 2 US 2009/0097796 A1 

  



US 2009/009.7796 A1 

FIBER-OPTC CURRENT SENSOR WITH 
SUM DETECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a continuation of pending 
International patent application PCT/CH2006/000194 filed 
on Apr. 4, 2006 which designates the United States and the 
content of which is incorporated herein by reference. 

FIELD OF THE INVENTION 

0002. The invention relates to the field of measurement of 
electrical currents using the propagation of light waves in an 
optical fiber under influence of the Faraday effect. 

BACKGROUND OF THE INVENTION 

0003. The optical measurement of electrical currents 
using the Faraday effect has significant advantages, such as a 
high linearity of the response even for large currents, which is 
of importance for measurements under short-circuit condi 
tions. 
0004. In order to measure the sum of two or more current 
with an optical sensor (such as described e.g. in EP 1 174 
719), independent sensors each with its own control electron 
ics can be used. The control electronics convert the physical 
measurements from the sensor to a digitized number. The 
numbers are then added to obtain the sum of the currents. 

SUMMARY OF THE INVENTION 

0005. It is an object of the present invention to provide an 
improved method that allows the measurement of a sum of 
currents in different conductors. This object is achieved by 
the method of claim 1. 
0006. Accordingly, light is led in at least one optical fiber 
around all the conductors. This is based on the understanding 
that the total phase shift between the two circularly polarized 
modes in the sensing fiber will depend on the sum of the 
currents in the conductors that are surrounded by the sensing 
fiber. 
0007 Hence, the present method obviates the need for 
individual optical systems and control electronics at each 
fiber, nor does it require any balancing of the systems at the 
individual fibers. The summing is inherently carried out by 
the additive (or subtractive) contribution of each current to the 
magnetic field and thus to the phase shift between the two 
optical waves propagating along the sensing fiber. 
0008. The term “a sum of currents’ is to be construed to 
include situations where direction of the current in at least one 
conductor in respect to the winding direction in that conduc 
tor differs from the direction of the current in another con 
ductor in respect to the winding direction in that other con 
ductor. In such situations, the signs of the currents are 
opposite, i.e. the Sum of the currents corresponds to the dif 
ference of the absolute values of the currents. This condition 
may e.g. arise if the fibers are wound in the same sense around 
all conductors but the current in one conductor runs in oppo 
site direction to the current in the other conductors. This 
condition may also arise when all currents flow in the same 
direction but the fiber is wound clockwise around some of 
them and anti-clockwise around others. 
0009. The present method is particularly useful for moni 
toring if a set of currents adds up to a Zero Sum current. 
Conventional methods based on separate measurement sys 
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tems have, in this case, the disadvantage that even Small errors 
in the measurement of the individual currents can add up to 
substantial errors in the sum if the sum is close to 0. 
0010. The summed currents can differ in value, amplitude 
and/or phase. 
0011. The method can also be used for measuring a 
weighted Sum of currents by using different numbers of sens 
ing fiber windings around individual conductors. 
0012 A particularly useful application of the invention is 
the monitoring of input and output currents of transformers. 
The input current and the output current of such transformers 
should, in the absence of leak currents, have a ratio equal to 
the coupling ratio of the transformer. Hence, leading the light 
around conductors carrying the input and output currents 
allows to monitor the transformer if the ratio of the numbers 
of loops of the sensing fiber around the input and output 
conductors corresponds to the coupling ratio of the trans 
former. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 The invention will be better understood and objects 
other than those set forth above will become apparent when 
consideration is given to the following detailed description 
thereof. Such description makes reference to the annexed 
drawings, wherein: 
0014 FIG. 1 shows a first embodiment of the invention, 
0015 FIG.2 shows a second embodiment of the invention, 
0016 FIG. 3 shows a third embodiment of the invention, 
0017 FIG. 4 shows a fourth embodiment of the invention, 
0018 FIG. 5 shows a fifth embodiment of the invention, 
0019 FIG. 6 shows two applications of the invention for 
monitoring current Sums, 
0020 FIG. 7 shows an application for monitoring a pro 
tected object, 
0021 FIG. 8 shows a first alternative to FIG. 7, 
0022 FIG. 9 shows a second alternative to FIG. 7, and 
0023 FIG. 10 shows an application of the invention for 
monitoring a transformer. 

DETAILED DESCRIPTION OF THE INVENTION 

0024. The fiber optic sensor considered in the present 
invention may be any type of fiber-optic sensor exploiting the 
Faraday effect, such as the one described in EP 1 174719. It 
uses a fibercoil operated in reflection. The electronics module 
sends two orthogonal linearly polarized light waves via a 
polarization maintaining fiber (PMF, for example an ellipti 
cal-core fiber) to the sensing fiber, which encloses the current 
conductor. A retarder at the entrance end of the sensing fiber 
converts the linear waves into left and right circularly polar 
ized light waves. The circularly polarized light waves in the 
sensing fiber are subject to a differential phase shift propor 
tional to the current due to the Faraday effect. 
0025. The present invention can, however, also be used 
with Sagnac type current sensors as disclosed in EP 856 737. 
0026. The sensing fiber is advantageously prepared as 
described in EP856737 (athermally annealed fiber, in case of 
small coil diameters of less than 200-500 mm) or packaged as 
described in EP 1 512 981 (in case of relatively large coil 
diameters and when flexible coils are desired). 
0027 FIG. 1 shows a first embodiment for measuring the 
Sum of currents in separate conductors (in the present 
embodiment of three currents in three conductors). 
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0028. A sensor control unit 1 couples two linearly polar 
ized light waves into a polarization maintaining fiber 2, at the 
end of which they pass a W4-retarder 3 aligned under 45° to 
the main axes of the fiber. In retarder 3, the two linear modes 
of fiber 2 are converted to right and left circularly polarized 
light waves, which propagate along a sensing fiber 4, are 
reflected by a mirror 5 at the end of the same, and travel back 
to retarder 3 where they are converted back to two linearly 
polarized light waves that return to the sensor control unit 2. 
Sensor control unit 1 is equipped to measure the phase delay 
introduced between the two circular light waves that were 
traveling along sensing fiber 4. 
0029. In the embodiment of FIG. 1, sensing fiber 4 
encloses three conductors 6 in a single loop. Sensing fiber 4, 
however, may form any integer number N of loops. The 
beginning of sensing fiber 4 (at retarder 3) and its end (at 
mirror 5) must coincide in space so that a closed loop results 
and the magnetic field is integrated along a closed path. The 
sensor in then insensitive to Stray magnetic fields from con 
ductors outside the loop and the signal is independent of the 
positions of the conductors within the same. 
0030 The magnetically induced phase shift between the 
two circularly polarized waves within sensing fiber 4 depends 
on the sum of the currents through the three conductors 6. As 
mentioned above, this Sum is sensitive to the signs of the 
currents, i.e. the directions of the currents. For example, if the 
sum of the absolute values of three direct currents is to be 
measured, all currents must flow through the fiber loop in the 
same direction. If one current flows in the opposite direction, 
it will contribute with opposite sign to the total signal, i.e. it 
will be subtracted from the sum of the other two currents. 

0031. In the second embodiment of FIG. 2, each conductor 
6 is enclosed by one individual fiber loop and all conductors 
6 are enclosed by a further common fiber loop. The effective 
number of loops around each conductor 6 is thus 2. It is 
important that the fiber encloses all conductors 6 with the 
correct sense (clockwise or counter-clockwise) so that all 
currents are detected with the correct sign. 
0032. The number of fiber loops may differ for different 
conductors in order to calculate a weighted sum of the differ 
ent currents, where the weight of each Sum corresponds to the 
number of fiber loops around it. 
0033. In some applications, for example in gas-insulated 
Switchgear (GIS) for high-voltage substations, the required 
diameter of the fiber loops and the distance between them can 
be relatively large. This will result in a comparatively long 
sensing fiber if the techniques of FIGS. 1 or 2 are to be used. 
With increasing fiber length, stress from the bends and pack 
aging as well as fiberanisotropies can increasingly alter the 
polarization states of the circular light waves and thus reduce 
the accuracy of the sensor. 
0034. This drawback is avoided by the embodiment of 
FIG. 3, which reduces the total length of the sensing fiber. In 
this embodiment, each conductor 6 has its own, individual 
section of sensing fiber 4. The different of sensing fiber 4 are 
connected by polarization maintaining fibers 7. These fibers 7 
are of the same type as fiber 2 and serve to transmit the linear 
polarized light from conductor to conductor. Further quarter 
wave retarders 3 are arranged at the end of the first sensing 
fiber section, at the beginning and end of the second sensing 
fiber section, and at the beginning of the last sensing fiber 
section. The birefringent axes of the retarders 3 are oriented at 
45° with respect to the adjacent PMFs 7. The retarders 3 carry 
out a conversion of the circularly polarized waves in the 
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sections of sensing fiber 4 to two linearly polarized waves 
traveling along the following PMFs 7, and vice versa. 
0035. The last sensing fiber section is terminated by a 
mirror 5 for sending back the light along the PMFs 7 and 
sensing fibers 4 to sensor control unit 1. 
0036. The sign of the 45° angle between each retarder 3 
and its adjacent PMF 2 or 7 must be chosen properly so that 
each sensing fiber coil contributes with the correct sign to the 
total signal. A light wave that is, for example, left circular in 
the first sensing fiber section must again be left circular in the 
other sections if the currents are to be added. This requires 
that both retarders of a given sensing fiber section 4 are either 
at +45° or -45° with respect to the fast axis of the correspond 
ing pm fiber (angle as seen when looking from the polariza 
tion maintaining fiber towards the retarder). 
0037. If the retarder orientation is chosen such that a left 
circular light wave in the first sensing fiber section becomes 
right circular in the second sensing fiber section, the second 
sensing fiber section must be wrapped around the conductor 
in opposite sense to the first sensing fiber section in order to 
have both currents contribute to the signal with the same sign. 
0038. For measuring the difference of two currents, the 
arrangement of FIG. 4 can be used. This embodiment uses the 
technique of the third embodiment with a polarization main 
taining fiber 4 between two sections of sensing fiber 4 and 
quarter-wave retarders 3 for converting between the linear 
polarizations in the PMFs 2 and 7 and the circular polariza 
tions in the sections of sensing fiber 4. 
0039. In the embodiment of FIG. 4, the two sections of 
sensing fiber 4 are wound in different sense around the con 
ductors 6, the first section of sensing fiber 4 forming a clock 
wise loop while the second section of sensing fiber 4 forming 
a counter-clockwise group. This insures that the two currents 
contribute with opposite sign to the signal. 
0040 Alternatively, both loops can be wound in the same 
sense around the conductors 6, in which case the retarders 3 
must be arranged to transform light that is left circular in the 
first sensing fiber section into light that is right circular in the 
second sensing fiber section, and vice versa. 
0041 An alternative embodiment for measuring a differ 
ence between two currents is shown in FIG. 5. Here a single 
section of sensing fiber 4 is used, which encloses the two 
conductors 6 in the form of a FIG. 8 loop. The retarder 3 and 
reflector 5 are positioned at the central crossing point of the 
sensing fiber section. The forward propagating light travels 
clockwise around the lower conductor but counterclockwise 
around the upper conductor. As a result, the sensor signal 
corresponds to the difference of the two currents. 
0042 FIG. 6 illustrates two applications of the present 
technology. It shows a three-phase bus bar 8 having three 
input/output branches 9, 10, 11. 
0043. A first sensor 12 according to the current invention 
monitors the sum of the currents of the three phases of input/ 
output branch9. It is of the type shown in FIG. 1 with a single 
section of sensing fiber 4, but the sensing fiber 4 is wound 
several times around the three conductors of input/output 
branch 9 to increase the signal. (Note that the retarders and 
mirrors are not shown in FIG. 6.) Sensor 12 is used to monitor 
if the sum of the currents in the three phases A, B and C of said 
branch9 is 0. A non-zero sum is indicative of a problem in the 
system. 
0044) A second sensor 13 is e.g. of the type shown in FIG. 
3 has a loop of sensing fiber wound around the phase A of each 
input/output branch 9, 10, 11. It monitors that the sum of the 
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currents of phase A at all branches is 0. A non-Zero Sum is 
indicative of a problem in bus bar 8. Similar sensors can also 
be used to monitor the sum of currents in phase B or C. 
0045. A further application is shown in FIG. 7. Here, the 
sensor monitors the current flow through a protected object 14 
connected to two conductors 6. It is assumed that, under 
normal operation, protected object 14 is operating such that 
the current flowing in through one conductor 6 must exit 
through the other conductor 6. 
0046. Here, the sensor 14 is arranged to measure the dif 
ference between the currents going in and coming out of 
protected object 14 in order to monitor that no fault/leak 
current is present. 
0047. In the embodiment of FIG. 7, the loops around the 
two conductors 6 have the same winding sense, but the retard 
ers 3 at the first conductor 6 introduce a phase shift of W/4, 
while the one at the second conductor introduces a phase shift 
of-w/4, thereby causing the contributions from the two cur 
rents to be subtracted in the Summed signal. 
0048 FIG. 8 shows an embodiment serving the same pur 
pose, but here the two loops have different winding direction, 
while the retarders 3 all induce the same phase shift. 
0049. Yet another embodiment for subtracting the two 
currents is shown in FIG. 9. It basically corresponds to the 
embodiment of FIG. 5 with a single section of sensing fiber 4. 
It forms two loops wound in opposite directions around the 
two conductors 6, the loops being connected via a central 
section 15 of sensing fiber 4. In central section 15, the two 
Strands of sensing fiber are located in close vicinity, thereby 
minimizing errors in the measured signal. 
0050. A further application is shown in FIG. 10. Here the 
sensor is used for monitoring a transformer 16 having a first 
electrical coil 17 with n1 windings and a second coil 18 with 
n2 windings. A first coil 19 of N1 windings of sensing fiber 4 
is wound around a conductor of first electrical coil 17, while 
a second coil 20 of N2 windings of sensing fiber is wound 
around a conductor of second electrical coil 18. A polariza 
tion maintaining fiber 7 extends between the two coils 19, 20. 
and retarders are used (not shown) for transformation of the 
circular polarizations in the sensing fibers 4 and the linear 
polarizations in the PMF 7. 
0051. If transformer 16 operates correctly, the ratio of the 
currents in the first and the second electrical coils 17 and 18 is 
equal to the transformer's coupling ratio n2:n1. When choos 
ing n2:n1=N2:N1, i.e. if the ratio N2:N1 is equal to a coupling 
ratio of the transformer, the signal measured by the sensor is 
Zero under ideal operation of the transformer. In the presence 
of leak currents, the signal deviates from 0. Hence, the signal 
from the sensor allows an early and accurate detection of 
leaks in transformer 16. 
0052. The present invention is also well suited to measure 
systems where the currents in at least two of the conductors 
are different. The currents can be ac- or dc-currents. In the 
case of ac-currents, the currents may e.g. differ by amplitude 
and/or phase. 

1. A method for measuring a sum or a difference of currents 
in a plurality of conductors using the Faraday effect in optical 
fibers, wherein light is led in at least one optical sensing fiber 
around all said conductors, wherein the light is led individu 
ally around at least two conductors, wherein two circularly 
polarized light waves are led around each of said two conduc 
tors, characterized in that between said two conductors, 
retarders are used to convert the circularly polarized light 
waves to linearly polarized light waves, and wherein said 
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linearly polarized light waves are transmitted from conductor 
to conductor in at least one polarization maintaining fiber. 

2. The method of claim 1, wherein each conductor has its 
own individual section of sensing fiber, and the different 
sensing fibers are connected by the polarization maintaining 
fibers. 

3. The method of claim 1, wherein an electronics module 
sends two orthogonal linearly polarized light waves via a 
polarization maintaining lead fiber to the sensing fiber, and 
the polarization maintaining fibers are of the same type as the 
polarization maintaining lead fiber. 

4. The method of claim 1, wherein the birefringent axes of 
the retarders are oriented at 45° with respect to the adjacent 
polarization maintaining fibers, and the sign of the 45° angle 
between each retarder and its adjacent polarization maintain 
ing fiber or is chosen properly so that each sensing fiber coil 
contributes with the correct sign to the total signal. 

5. The method of claim 1, wherein the currents of at least 
two of said conductors are different. 

6. The method of claim 1, wherein the light is led in a first 
sense around a first of said at least two conductors and in a 
second sense, opposite to said first sense, around a second of 
said at least two conductors in order to measure a difference 
of the currents in said conductors. 

7. The method of claim 1, wherein the light is led in the 
same sense around both said two conductors but light that was 
left circular when being led around the first conductor is 
converted to right circular light for being led around the 
Second conductor and Vice Versa. 

8. The method of claim 1, wherein said light is led in N1 
windings around a first of said at least two conductors and a in 
N2 windings around a second of said at least two conductors, 
wherein N1zN2 for measuring a weighted sum of the currents 
in said conductors. 

9. The method of claim 1, wherein a first conductor is a 
conductor carrying a first current through a first electrical coil 
with n windings of a transformer, and the second conductor 
is a conductor carrying a second current through a second 
electrical coil with n windings of the transformer, wherein 
the light is led in a first coil of N1 windings of sensing fiber 
around the first conductor and in a second coil of N2 windings 
of sensing fiber around the second conductor, and a polariza 
tion maintaining fiber extends between the two coils of sens 
ing fiber and retarders are used for transformation of the 
circular polarizations in the sensing fibers and the linear 
polarizations in the polarization maintaining fibers, wherein 
further a ratio of the currents in the first and the second 
electrical coils and is equal to the transformer's coupling ratio 
n:n, and a ratio N2:N1 of windings of sensing fibers is equal 
to the coupling ratio of the transformer. 

10. The method of claim 1, wherein a protected object is 
operating Such that the current flowing in through one con 
ductor must exit through the other conductor and a sensor is 
arranged to measure the difference between the currents 
going in and coming out of the protected object in order to 
monitor that no fault/leak current is present. 

11. The method of claim 1, wherein loops around the two 
conductors have the same winding sense, but the retarders at 
the first conductor introduce a phase shift of w/4, while the one 
at the second conductor introduces a phase shift of -W/4. 
thereby causing the contributions from the two currents to be 
Subtracted in the Summed signal, or the loops around the two 
conductors have different winding direction, while the retard 
ers all induce the same phase shift. 
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12. The method of claim 1, wherein the fiber coil is oper 
ated in reflection, or a Sagnac type current sensor is used. 

13. The method of claim 1, wherein a three-phase bus bar 
has three input/output branches, a first sensor has a single 
section of sensing fiber wound several times around the three 
conductors of the first input/output branch and is used to 
monitor if the sum of the currents in the three phases A, B, and 
C of said first branch is Zero, and a second sensor has a loop 
of sensing fiber wound around the phase A of each input/ 
ouput branch and monitors that the sum of the currents of 
phase A at all branches is Zero. 

14. The method of claim 1, wherein said method is used for 
monitoring if a set of currents adds up to a Zero Sum current. 

15. The method of claim 1, wherein said method is used for 
monitoring a transformer. 
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16. A method for measuring a difference between two 
currents in two conductors using the Faraday effect in optical 
fibers, wherein light is led in at least one optical sensing fiber 
around all said conductors, wherein the light is led individu 
ally around at least two conductors, wherein two circularly 
polarized light waves are led around each of said two conduc 
tors, characterized in that a single section of sensing fiber is 
used, which encloses the two conductors in the form of a 
figure-8-loop, and the retarder and reflector are positioned at 
the central crossing point of the sensing fiber section, and the 
forward propagating light travels clockwise around the lower 
conductor but counterclockwise around the upper conductor. 

c c c c c 


